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Abstract

The rapid expansion of global urban development is increasing opportunities for wildlife to forage and become dependent
on anthropogenic resources. Wildlife using urban areas are often perceived dichotomously as urban or not, with some
individuals removed in the belief that dependency on anthropogenic resources is irreversible and can lead to increased
human-wildlife conflict. For American black bears (Ursus americanus), little is known about the degree of bear urbanization
and its ecological mechanisms to guide the management of human-bear conflicts. Using 6 years of GPS location and activity
data from bears in Aspen, Colorado, USA, we evaluated the degree of bear urbanization and the factors that best explained
its variations. We estimated space use, activity patterns, survival, and reproduction and modeled their relationship with
ecological covariates related to bear characteristics and natural food availability. Space use and activity patterns were
dependent on natural food availability (good or poor food years), where bears used higher human density areas and
became more nocturnal in poor food years. Patterns were reversible, i.e., individuals using urban areas in poor food years
used wildland areas in subsequent good food years. While reproductive output was similar across years, survival was lower
in poor food years when bears used urban areas to a greater extent. Our findings suggest that bear use of urban areas is
reversible and fluctuates with the availability of natural food resources, and that removal of urban individuals in times of
food failures has the potential to negatively affect bear populations. Given that under current predictions urbanization is
expected to increase by 11% across American black bear range, and that natural food failure years are expected to increase
in frequency with global climate change, alternative methods of reducing urban human-bear conflict are required if the goal
is to prevent urban areas from becoming population sinks.
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Introduction

A milestone was reached in 2008 when more than half of the

world’s population resided in urban areas; by 2050, 70% of the

world’s population will consist of urban residents, with more than

half expected to live in small urban centers [1]. Ecological effects

of urbanization are long-lasting and include land transformations,

biotic modifications, and changes to biogeochemical cycles [2–4].

Furthermore, urbanization can affect individual wildlife and

populations either negatively or positively, where negative effects

include increased human-related stress, reduced forage quality,

and reduced survival and reproductive success, and where positive

effects include reduced predation pressure, increased availability of

resources such as food and cover, and increased survival and

reproduction success [5–9]. The latter positive effects can result in

exploitation of, and reliance on, anthropogenic resources by

wildlife, which can result in property damage, risks to human

safety, and overall human-wildlife conflict [10–12].

Urban areas offer novel environments with spatially concen-

trated, highly productive, and temporally predictable resources

[7,13–14]. Wildlife using urban areas often possess behavioral

traits that allow exploitation of such novel environments including

generalized diets, high learning capacity, and behavioral plasticity

(e.g., [9,15–16]), and when individuals apply these traits to use

anthropogenic resources, behavioral changes can ensue. Urban

wildlife presumably need less area to obtain adequate resources

compared to their wildland counterparts, and they may exploit

resources during times that allow avoidance of high human
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activity. Evidence across taxa concurs, with urban individuals

having smaller territories and home range sizes (e.g., [14,17–18])

and modifying their normal activity patterns (e.g., [19–21]).

Bears are omnivores, have high learning capacity, and exhibit

behavioral plasticity [22–23], traits that make them successful in

exploiting anthropogenic resources in urban areas. Bears enter a

state of intense feeding, or hyperphagia, during late summer and

fall to gain energy reserves for winter hibernation [24]. During

hyperphagia, bears subsist mainly on plant species that produce

hard- and soft-mast, and in years of mast failure, they can move

extensively in search of food and may forage on alternative

anthropogenic sources near human development [25–27]. When

bears use anthropogenic resources they can exhibit behavioral

changes including having smaller home ranges compared to wild

bears [28] and becoming nocturnal in their activity [13,29].

Studies have shown mixed effects of urbanization on black bear

fitness, with positive impacts such as increased litter size [28] and

cub survival [30], and negative impacts, such as decreased

subadult [31] and adult female survival [25,30] and overall

reduced population growth [30–31].

If the fitness benefits associated with urbanization outweigh

potential costs, then we can predict that bears should use

anthropogenic resources regardless of variations in production of

natural food, leading to permanent use of urban areas and

irreversible behavioral changes. Alternatively, if bears that forage

in urban areas incur fitness costs that are offset only by the

temporary scarcity of natural foods, we can predict that resultant

behavioral changes relating to bear urbanization will have a strong

relationship to seasonal and annual patterns of natural food

production, thus resulting in patterns of reversible use of urban

areas. The former hypothesis of irreversible behavioral change is

often the paradigm for bear management, where it is believed that

bears using urban areas become habituated, food-conditioned, and

dependent on anthropogenic food sources, leading to ‘‘nuisance’’

behavior and conflicts with humans [22,32–33]. Consequently,

bears using urban areas are often removed from the population by

lethal or non-lethal (translocation) methods [34], which has the

potential to negatively impact local bear populations and can be

unpopular with the general public [35–36].

Given that by 2050, urbanization is expected to increase by

11% affecting 1.6 million ha across American black bear range in

the conterminous U.S. (S. Baruch-Mordo unpublished assessment

based on [37]), it is important to understand urban bear ecology to

guide management and avoid human-bear conflict and public

controversy. In this paper we used detailed GPS location and

activity data from a 6-year study of American black bears (Ursus

americanus) in Aspen, Colorado, USA, to examine the ecology of

bears in an urban environment. We assessed bear space use and

daily activity patterns and modeled their relationships with bear

characteristics and environmental covariates related to seasonal

and annual changes in natural food availability. We additionally

estimated bear survival and reproductive output to gain insights on

Figure 1. Example sine curves fitted to describe daily activity patterns. Y-axis activity data are summarized for the hyperphagia season in
good (red) and poor (black) natural food production years. X-axis data in 0 – 24 hours correspond to a scale of 0 – 2p in radian degrees. Solid lines are
the head up-down movements recorded at 5-min intervals and averaged across season, and dashed lines are the fitted sine curves with b (number of
peaks in 24 hours) and c (timing of activity peaks within the 24 hours) parameters equal to 1.92 and 1.57 in a good food year and 1.05 and 21.32 in a
poor food year, respectively. Patterns demonstrate crepuscular activity with two peaks (red) and nocturnal activity with a single peak (black).
doi:10.1371/journal.pone.0085122.g001

Figure 2. Mean (±1 SE) seasonal home range areas (km2) for
male (black triangle) and female (red circle) bears using Aspen,
Colorado, USA. Home ranges were based on GPS locations collected
from 2005 – 2010 and calculated as the 95% contour of a utilization
distribution estimated using fixed kernel density with a plug-in
bandwidth (see methods).
doi:10.1371/journal.pone.0085122.g002
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potential impacts of urbanization on the local bear population.

Overall we assessed the degree of bear urbanization, identified

factors that best explained its variation, and asked whether

behavioral patterns in use of urban areas were irreversible or

fluctuated with natural food availability.

Materials and Methods

Ethics Statement
Bear capturing, handling, and monitoring for this research were

approved by the Animal Care and Use Committee at Colorado

State University (protocols #05-128A and #08-078A). Approval

for capturing, handling, and taking samples from bears was

granted by Colorado Parks and Wildlife.

Study Area and Animals
We studied bears in Aspen and the surrounding areas of Pitkin

County, located in the central mountains of Colorado (approxi-

mately 39.19u longitude and 2106.82u latitude; hereafter collec-

tively referred to as Aspen). Elevation in the study area ranges

from 2300 to 3150 m. Aspen is situated at the confluence of

Maroon, Castle, and Hunter Creeks and the Roaring Fork River,

and areas at lower elevation consist of riparian vegetation. With

increasing elevation, vegetation changes on south-facing slopes

into mountain-shrub community and on north-facing slopes into

aspen (Populus tremuloides) and lodgepole (Pinus contorta) forest

communities. Mountain-shrub communities primarily consist of

the mast producing species (i.e., plants that produce fruits such as

acorns and berries) of Gambel oak (Quercus gambelli), service-

berry (Amelancier alnifolia), and chokecherry (Prunus virginiana).

Land cover at higher elevations has sparse to no human

development and is comprised of Douglas fir (Pseudotsuga

menziesii) and spruce (Picea spp.)-subalpine fir (Abies lasiocarpa)

coniferous forests, talus slopes, and alpine meadows. The city of

Aspen had 6846 residents in 2009 [38], and human housing

density varies from 0 – 865 residences per km2 (see Space Use

section for source and calculations). At its core, Aspen consists of a

business district and dense residential areas, and city core is

surrounded by less dense residential neighborhoods that are

interspersed within the surrounding mountain-shrub and forest

communities.

From 2005–2010 we captured 50 bears in the urban

environment of Aspen. We defined urban as a land cover

characteristic of, and related to, human development [39]. We

determined the gender of each bear and used Matson’s Laboratory

(Milltown, MT, USA) to age bears .1 year old from cementum

annuli of their vestigial premolar tooth [40]. We augmented our

sample with data from four individuals captured by managers;

three were translocated but returned to the study area and one was

released near its capture location with aversive conditioning

treatments. To avoid potential bias due to capture or management

actions, we excluded data collected in the 48 hours following

release from capture, or, if translocated, while bears were outside

of the study area.

We fitted bears with Lotek� 3300L and 4400M GPS collars

that collected a GPS location every 30 minutes from May to

September, and every hour in the weeks before and after expected

den entry and emergence. Collars also collected activity sensor

data that recorded the number of head movements (range 0 – 255)

at 5-min intervals throughout collar deployment. We fitted GPS

collars with a canvas spacer to allow for drop-off in the event of

substantial neck growth, and we programmed mortality sensors to

trigger if no activity was logged in a period of several hours.

Collars emitting a mortality pulse were investigated in a timely

manner to determine whether the bear dropped its collar or died,

and for the latter, the cause of death. We monitored bears on a

daily basis, and aerially searched for missing individuals outside of

the study area every 2–4 weeks. We visited bears during their

denning period to replace collar batteries and determine the

reproductive status of females.

Space Use
We estimated home ranges using GPS locations based on

positional dilution of precision met the screening criteria: #10 for

3D- and #5 for 2D-locations [41–42]. This resulted in removal on

average of 11% (SE = 0.75) of locations, and visual examination of

the data suggested no effect on overall space use patterns. During

hyperphagia bear space use and activity patterns can be altered

[43–44]; therefore, we stratified analyses by pre-hyperphagia and

hyperphagia seasons which were determined based on the fruiting

phenology of important food species (Gambel oak, serviceberry,

and chokecherry; for approximate phenology dates see USDA,

Forest Service, Fire Effects Information System species data

,http://www.fs.fed.us/database/feis/.) and the local denning

behavior of bears. Pre-hyperphagia included data from the

approximate date of den emergence (16 April) to plant fruiting

(31 July), and hyperphagia from fruiting to the approximate start

date of reduced activity in preparation for denning (15 October).

Only bears with data spanning at least 90% of the duration of a

given season were included in the analyses.

We estimated seasonal home ranges using the fixed kernel with

plug-in bandwidth method [45–46]. We implemented analyses

using the ks package [47] in program R [48] using the multivariate

plug-in function with the Sum of Asymptotic Mean Squared Error

pilot option [45]. We defined home range as the polygon resulting

from the 95% contour of the utilization distribution, and we

generated three response variables to model space use: 1) total

home range area (km2; Area), 2) amount of overlap (km2) between

a given seasonal home range and human development (HDover-

lap), and 3) mean human density within the home range

Figure 3. Mean (±1 SE) human density in hyperphagia season
home ranges of male (black triangle) and female (red circle)
bears using Aspen, Colorado, USA from 2005 – 2010. Good or
poor year categorization refers to quality of natural food production.
Notes: 1) based on our conservative inclusion criteria (i.e., encompass-
ing at least 90% of the season), no data from 2006 met the criteria, and
2) lack of SE bars indicate only one sample was available for that year.
doi:10.1371/journal.pone.0085122.g003
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Figure 4. Example shifts in hyperphagia season home ranges (green) and amount of overlap with human development (red) during
good and poor natural food production years for bears using Aspen, Colorado, USA. Data were overlaid on an aerial image of Aspen and
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(HDdensity). We defined human development as areas within a

50-m buffer of human structures, and we used an address layer

available for Pitkin County GIS department to generate point

density of addresses per 1 km2 (range 0 – 865) and calculated the

mean density value within the seasonal home range of each bear.

Collectively these responses allowed us to evaluate whether bears

had smaller home ranges when using urban areas, the degree of

overlap with urban areas, and whether this overlap consisted of

heavily or sparsely populated areas.

We modeled the three space use response variables as a function

of bear age (continuous) and gender, season (pre-hyperphagia and

hyperphagia), and the quality of natural forage production

(FoodYr). The latter was a qualitative index of good (2005,

2006, 2008, and 2010) and poor (2007 and 2009) food-production

years assessed from observed annual yields of the main mast food

plants in the study area (i.e., Gambel oak, serviceberry, and

chokecherry), and confirmed by local wildlife managers. We note

that because mast failure events often occur in response to climatic

or disease events (e.g., [49–54]), production failures have

widespread impacts on multiple plant species. Therefore it was

clear from field observations when a poor (or good) natural food

year occurred, and such binary index has been used before to

qualify mast production (e.g., [55]).

We natural-log transformed space use responses to stabilize the

variance and used linear mixed-effects models in nlme package in

R [56] where we modeled bears (i.e., used bear id) as a random

effect. We ran all possible additive models including an interaction

term between season and food year (to allow for different responses

during pre-hyperphagia and hyperphagia by food year) for a total

of 20 models. We ranked models using AICc, model averaged the

parameter estimates, and evaluated fixed effects by examining

whether the 95% CI of the model-averaged parameter estimates

overlapped zero [57]. We estimated the amount of variability

explained by each model as the squared correlation between fitted

and observed values.

Activity Patterns
We developed a new approach to analyze activity patterns and

model its changes in relation to individual and environmental

covariates. We fitted a sine curve to the mean counts of up-and-

down head movements (y) collected by GPS collars, and extracted

the parameters related to number of peaks (b) and x-axis shift (c) for

the ith bear, jth year, and kth season according to the equation:

yijk~aijksin bijkx{cijk

� �
zdijk

where a is amplitude, x is time from 0 – 24 hours represented in

degrees radian (0 – 2p), and d is an offset parameter about the

y-axis. We focused analyses on the b and c parameters because

they allowed respective inference on the number and timing of

activity bouts within the 24-hour period. For example, nocturnal

activity patterns could be described with b,1 and c,2p/2, or

one activity bout around midnight (dashed black line; Fig. 1).

Conversely, crepuscular activity patterns can be described with

b,2 and c,p/2, or a bimodal curve with activity bouts in early

morning and late evening (dashed red line; Fig. 1). We used the

non-linear least squared (nls) function in R, while bounding a and d

between 0 and 255, b between 0 and 5, and c between 2p/2 and

p/2. We used the number of daily peaks and timing of activity

bouts as response variables and modeled them as a function of

individual and environmental covariates as described above; we

used mixed-effects models with individuals as a random effect,

ranked models using AICc, evaluated fixed-effects based on 95%

CI of model-averaged parameter estimates, and assessed the

amount of variability explained by correlating fitted and observed

values.

Survival and Reproduction
We used known-fate models in program MARK [58] to

estimate subadult (1–3 years old) and adult ($4 years old) survival.

We created yearly encounter histories with 15 bi-monthly time

intervals from April 16 to November 30 and used staggered entry

to include bears captured from 2005 – 2010. We assumed survival

were presented for a) adult female tracked in 2005, and 2007–2010, and b) an adult male tracked from 2007 – 2009. Patterns demonstrated that in
poor natural food years bears had smaller home ranges that were centered on high human density areas in downtown Aspen, but also that bears
shifted their home ranges to adjacent wildland areas in subsequent good food years.
doi:10.1371/journal.pone.0085122.g004

Table 1. Model averaged parameter estimates (SE) for space use and activity patterns of bears using Aspen, Colorado from
2005 – 2010.

Space use responses Activity pattern responses

Parameter ln(Area) ln(HD overlap) ln(HD density) b c

Intercept 1.470 (0.364)* 1.068 (0.287)* 4.89 (0.581)* 1.335 (0.121)* 20.511 (0.255)*

Gender (Males) 1.260 (0.343)* 0.553 (0.205)* 0.042 (0.125) 0.001 (0.030) 20.060 (0.082)

Age 20.006 (0.009) 20.034 (0.016)* 20.080 (0.038)* 0.000 (0.003) 20.008 (0.009)

Season (Pre-Hyperphagia) 0.270 (0.229) 0.035 (0.056) 20.175 (0.182) 0.414 (0.141)* 1.916 (0.421)*

Food Year (Good) 0.369 (0.221) 20.242 (0.124) 21.82 (0.312)* 0.129 (0.093) 1.663 (0.278)*

Season*Food Year 20.224 (0.205) 0.002 (0.016) 0.082 (0.107) 20.026 (0.047) 21.595 (0.487)*

Responses were modeled as a function of bear characteristics (age, gender), season (pre-hyperphagia, hyperphagia), and natural food production year (good, poor).
Space use responses (log-transformed) were estimated from GPS locational data using a fixed kernel home range methods and include 1) total home range area in km2,
ln(Area), 2) amount of home range overlap with human development in km2, ln(HD overlap), and 3) mean human density within the home range, ln(HD density).
Activity pattern responses were estimated by fitting a sine curve to the daily mean counts of up-and-down head movements collected by GPS collars and included the
number of activity peaks (b) and timing of activity bouts (c) within a 24-hour period.
*Indicates 95% CI did not overlap zero.
doi:10.1371/journal.pone.0085122.t001
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during the denning period, December 1 – April 15, was 1 [59–60].

We censured bears that went missing, dropped their collars, or

were removed from the resident population due to translocation. If

a bear was recaptured, or if it returned to the study area after

translocation, we incorporated it into the analysis. Because some

translocated bears returned to our population, we did not consider

translocations a mortality event [59], although approximately 40%

of the translocated bears (n = 13) died while away from Aspen due

to control management kills, road kills, harvest, conspecific

mortality, or unknown causes. Hence, we acknowledge our

survival estimates are likely an overestimate. We modeled effects

of gender, age, season (pre-hyperphagia or hyperphagia), food year

(good or poor), and season*food year interaction on survival,

ranked models using AICc, and model-averaged parameter

estimates to calculate unconditional survival estimates [57].

To assess reproductive output, we determined upon capture if

females were reproductively active by presence of cubs at capture

or at the den (no females showed lactation evidence without

having cubs present). We modeled litter size as a function of age of

sows and food year during conception using generalized linear

models (glm in R, Poisson family) and examined their correlations.

Results

Space Use
We used 57 seasonal home ranges from 23 bears to model

space use, where individual bears were monitored from 1–4 years

(�xx = 1.8, SE = 0.2). Models explained on average 60 – 66% of the

variability in the data, depending on the response variable

(ln(Area): r2 = 0.60, SE = 0.01; ln(HDoverlap): r2 = 0.62,

SE = 0.01; ln(HDdensity): r2 = 0.66, SE = 0.02; full model output

in Tables S1–S3 in File S1). When modeling ln(Area) as a

response, gender appeared in all top models carrying .99% of the

weight (Table S1 in File S1), and had a relatively strong effect in

each of the models (Table 1). Male home ranges were larger than

females, except in the hyperphagia season in poor food years when

they were similar to females (Fig. 2). While male home rage area

was smallest in hyperphagia of poor food production years, female

home range area seemed to stay relatively constant across season

and year. Gender and age were always important in explaining

variation in the degree of overlap between home range and human

development (Table S2 in File S1), where males and younger bears

had greater overlap with human development (Table 1). When

modeling the mean human housing density within bear home

ranges, we found strong support for age and food year effects in

each of the models (Table S3 in File S1), with bears having greater

mean human density in their home ranges in poor compared to

good natural food production years (Fig. 3) and younger bears

having greater mean human density in their home ranges

compared to other ages (Table 1). During hyperphagia season,

bears shifted their home ranges from mostly overlapping high-

density downtown areas in poor natural food production years to

mostly overlapping adjacent wildland areas in subsequent good

natural food years (Fig. 4).

Activity Patterns
We fitted 61 seasonal activity curves for 25 bears to extract the

number of activity peaks (b) and their timing in the 24-hour period

(c) and to model activity patterns. Individual bears were monitored

from 1–4 years (�xx = 1.8, SE = 0.19). Models explained up to 52%

of the variability in the data and on average, explained more

variability in c (r2 = 0.29, SE = 0.07) compared to b (r2 = 0.14,

SE = 0.03; full model output in Tables S4–S5 in File S2). Season

was the only important predictor of number of peaks in activity

(b; Table S4 in File S2), where modality increased during pre-

hyperphagia (Table 1). Season, food year, and season*food year

interaction were important predictors of timing of daily activity

(c; Table S5 in File S2). Unconditional parameter estimates for

season and food year were positive (Table 1), indicating that bears

were more active during daylight hours during pre-hyperphagia

and in good food production years. Parameter estimate for

season*food was negative (Table 1), with both females and males

becoming more nocturnal during hyperphagia in poor natural

food production years (Fig. 5). Similar to space use results, bears

shifted their activity patterns to diurnal and bimodal in subsequent

good food years (Fig. 6).

Figure 5. Mean (±1 SE) x-axis offset shape parameter (c) by a) season and year, and b) gender (males black triangle, females red
circle) and year for the hyperphagia season, for bears using Aspen, Colorado, USA from 2005 – 2010. Good or poor year categorization
refers to quality of natural food production. The x-axis offset shape parameter was extracted by fitting a sine curve to seasonal activity data of bears;
negative values tending towards 2p/2 indicate nocturnal activity and positive values tending towards p/2 indicate diurnal activity. Notes: 1) based on
our conservative inclusion criteria (i.e., encompassing at least 90% of the season), no data from 2006 met the criteria, and 2) lack of SE bars indicate
only one sample was available for that year.
doi:10.1371/journal.pone.0085122.g005
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Survival and Reproduction
We recorded 6 mortalities from harvest (n = 1), conflict

management (n = 4), and unknown (n = 1) causes. We included

63 yearly encounter histories for 39 bears in the known-fate

models, and we censured 27 capture histories due to dropped

collars or translocations. Survival was lower in poor food years for

all gender and age combinations, where model-averaged estimates

ranged from 0.675 (SE = 0.158) for subadult males to 0.718

(SE = 0.117) for adult females (Table 2). Food year was an

important factor explaining variability in survival and appeared in

all top models carrying .98% of the weight (full model output in

Table S6 in File S3).

We documented 19 litters totaling 42 cubs that were produced

by 13 females of ages 3 – 20 years. Litter size varied from 1 – 3

cubs (�xx = 2.21, SE = 0.18), and all litters with 1 cub were born to

females #5 years old. There was no relationship between mean

litter size based on conception in good (�xx = 2.4, SE = 0.16) versus

poor (�xx = 2.0, SE = 0.20) years, nor between litter size and

female’s age at conception (b̂b = 0.02, SE = 0.03) or food year

(b̂bpoor foodyr = 20.14, SE = 0.37).

Discussion

We evaluated the degree of bear urbanization in Aspen,

Colorado, USA, and explored the factors that best explained its

variations. Bears demonstrated temporal fluctuations in space use

and activity-pattern behaviors that were strongly dependent on the

availability of natural food resources. During poor natural food

Figure 6. Example shifts in activity patterns in good (red and pink) and poor (black and grey) natural food years for bears using
Aspen, Colorado, USA. Head movement data were collected from sensors in GPS collars and averaged for the hyperphagia season for a) adult
female tracked in 2005, and 2007 – 2010 and b) adult male tracked from 2007 – 2009. Patterns demonstrate that in poor natural food years bears
became more nocturnal and unimodal in their activity, but also became diurnal and bimodal in subsequent good food years.
doi:10.1371/journal.pone.0085122.g006
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years bears used dense human development areas and were more

active at night, but they also demonstrated behavioral plasticity

where in subsequent good natural food years they reversed their

behavior to daytime foraging away from urban areas. When bears

used urban areas in poor food years they had lower survival

compared to good food years with most mortality being human-

caused. Collectively our data suggests that in some systems bear

use of urban areas can be reversible and fluctuate with the

availability of natural food, and that such patterns can negatively

impact bear survival.

When bears used urban areas in poor natural food years

patterns of space use (smaller home ranges) and activity (nocturnal)

were similar to those reported for black bears [13,29] and other

species, e.g., Alpine cough (Pyrrhocorax graculus) [17], Florida Key

deer (Odocoileus virginianus clavium) [18], and Northern Cardinal

(Cardinalis cardinalis) [14]. Additionally, the changes in space use

behavior in response to mast failures were similar to those of wild

Asiatic black bears (Ursus thibetanus), which shifted their home

ranges depending on whether mast production was poor or good

[55]. However the patterns of fluctuating use of urban areas

observed in this study contradicted results from a detailed and

comprehensive study of black bear ecology in urban areas of Lake

Tahoe, Nevada USA, where bears appeared to have an

irreversible dependency on human foods [13]. We hypothesize

that a reason for the difference is the landscape context of the two

studies. Lake Tahoe is surrounded by large desert basins that are

marginal habitats for bears [61], whereas habitats surrounding

Aspen are considered one of the most productive in Colorado

[62]. Consequently Aspen bears have good natural resources to

shift back to in good food years, but such resources may not be

available to Lake Tahoe bears. Therefore, the landscape matrix in

which an urban area is situated is likely to affect whether

individuals become irreversibly urban and should be considered

when managing local wildlife populations.

Several authors suggested that urban areas can serve as refuges

for wildlife in times of low natural food production providing a

safeguard against mortality, reproduction failure, and overall

population decline [32,63]. For example, in India urban Hanu-

man langur (Seemnopithecus entellus) populations avoided mas-

sive die offs during La Niña drought events by feeding on

anthropogenic foods [63]; in Poland black-billed magpies (Pica

pica) with access to anthropogenic foods had lower nest failure

during inclement weather [64]; and in California USA, urban kit

foxes (Vulpes macrotis) were in better physiological condition than

their rural counterparts during a 2-year drought event [9]. The

fact that black bears in our study increased their degree of

urbanization during poor food years may at first glance lend

support for a refuge hypothesis. However if survival is reduced due

to increased human-caused mortality resulting from management

of human-bear conflict, then urban areas may not serve as refuges

for bears but instead can present ecological and even evolutionary

traps [65–66].

Adult female survival of black bears is generally high and is

believed to influence population growth more than recruitment

[67–68], and evidence suggests that adult female survival is similar

between good and poor natural food years ([69,70]; but see [71]).

In our study, survival of adult female bears in good food years (1.0,

Table 2) was comparable to those of wildland bears in south-

central Colorado (range 0.92 – 1.0) [62], and in Rocky Mountain

National Park in north-central Colorado (1.0, SE = 0.0) [72]. Adult

female survival was lower for our study bears in poor food years

(0.76), but estimates were similar to female bears occupying

residential areas in Florida, USA (0.776, SE = 0.074) [30] and all

management bears (i.e., male and female bears defined as problem

bears) in Alberta, Canada (0.66, SE = 0.113) [59]. Although we did

not concurrently monitor wildland bear populations, the fact that

1) survival in good years was comparable to published estimates of

survival from wildland populations, 2) adult survival is a less

variable demographic parameter with some studies showing that it

is similar in poor natural food years, and 3) population growth is

sensitive to changes in adult female survival, suggests that low

survival rates of females in Aspen in poor natural food years may

be creating a population sink rather than a refuge.

During poor natural food years mortality of bears increases and

is largely human-caused resulting from conflicts near human

development [25,27,73]. Because urban areas can attract bears in

poor food years, a time when the population growth may already

be stressed, removal of bears that use the urban environment could

negatively affect the population locally or regionally depending on

the attraction distance of urban areas. Under current predictions

urbanization is expected to continue to increase across American

black bear range [37] and natural food failures, which are often

linked to weather events such as late spring frost and drought, may

increase in frequency given global climate change [74,75]. These

combined trends can further increase bear use of urban areas and

human-bear conflict. Certainly to minimize safety risks to people,

removal of some bears will be required; however, increased

tolerance will be important when management goals are to sustain

local bear populations. Furthermore, managers can limit recrea-

tional harvest to reduce overall mortality during years of poor

natural food production which can be predicted by early season (or

even previous year) weather events (e.g., [52–54,76,77]). Finally,

managers can focus on reducing the availability of anthropogenic

resources that attract bears to urban areas, e.g., garbage and fruit

trees, thereby providing long-term solutions for the coexistence of

people and bears [32,34,78–80].

Supporting Information

File S1 Tables S1–S3. Full model set and model averaged

parameter results for space use.

(DOC)

File S2 Tables S4–S5. Full model set and model averaged

parameter results for activity patterns.
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File S3 Table S6. Full model set and results for known-fate

survival.

(DOC)

Table 2. Unconditional annual survival estimates (SE) for
bears using Aspen, Colorado from 2005 – 2010.

Males Females

Poor food year

Subadults 0.675 (0.154) 0.707 (0.141)

Adults 0.684 (0.137) 0.718 (0.117)

Good food year

Subadults 0.998 (0.020) 0.998 (0.017)

Adults 0.998 (0.019) 0.998 (0.016)

Gender-specific subadult (1–3 years old) and adult ($4 years old) survival was
calculated for poor and good natural food production years using known fate
models in program MARK.
doi:10.1371/journal.pone.0085122.t002

Stochastic Forage Affects Bear Use of Urban Areas

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e85122



Acknowledgments

We thank the numerous individuals that assisted in implementing this study

in Aspen including personnel from the Colorado Division of Wildlife

(CDOW), National Wildlife Research Center (NWRC), City of Aspen and

Pitkin County, Aspen Ranger district of the U.S. Forest Service, Aspen

Field Biology Lab (AFBL), Aspen Center for Environmental Studies, field

technicians, and numerous private land owners. We also thank K. Crooks

and C. Webb of Colorado State University for earlier reviews of this

manuscript.

Author Contributions

Conceived and designed the experiments: SBM KRW SWB JB. Performed

the experiments: SBM DLL JB JSM. Analyzed the data: SBM. Wrote the

paper: SBM KRW SWB DLL JB JSM.

References

1. United Nations Population Division (2008) World urbanization prospects: the

2007 revision. Department of Economics and Social Affairs, United Nations,

New York.

2. Vitousek PM, Mooney HA, Lubechenco J, Melillo JM (1997) Human

domination of earth’s ecosystems. Science 277: 494–499.

3. McKinney ML (2006) Urbanization as a major cause of biotic homogenization.

Biol Conserv 127: 247–260.

4. Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, et al. (2008) Global

change and the ecology of cities. Science 319: 756–760.

5. Marzluff JM (2001) Worldwide urbanization and its effects on birds. In: Marzluff

JM, Bowman R, Donnelly R, editors. Avian ecology and conservation in an

urbanizing world Boston: Kluwer Academic Publishers. pp. 19–47.

6. DeStefano S, DeGraaf RM (2003) Exploring the ecology of suburban wildlife.

Front Ecol Environ 1: 95–101.

7. Shochat E (2004) Credit or debit? Resource input changes population dynamics

of city-slicker birds. Oikos 106: 622–626.

8. Baker PJ, Harris S (2007) Urban mammals: what does the future hold? An

analysis of the factors affecting patterns of use of residential gardens in Great

Britain. Mammal Rev 37: 297–315.

9. Gehrt SD, Riley SPD, Cypher BL, editors (2010) Urban carnivores: ecology,

conflict, and conservation. Baltimore: The Johns Hopkins University Press. 304

p.

10. Conover MR (2001) Resolving human-wildlife conflicts: the science of wildlife

damage management. Boca Raton: Lewis Publishers. 418 p.

11. Woodroffe R, Thirgood S, Rabinowitz A, editors (2005) People and wildlife:

conflict or coexistence? Cambridge: Cambridge University Press. 516 p.

12. Baker PJ, Boitani L, Harris S, Saunders G, White PCL (2008) Terrestrial

carnivores and human food production: impacts and management. Mammal

Rev 38: 123–166.

13. Beckmann JP, Berger J (2003) Rapid ecological and behavioural changes in

carnivores: the responses of black bears (Ursus americanus) to altered food. J Zool

261: 207–212.

14. Rodewald AD, Shustack DP (2008) Consumer resource matching in urbanizing

landscapes: are synanthropic species over-matching? Ecology 89: 515–521.

15. Shochat E, Warren PS, Faeth SH, McIntyre NE, Hope D (2006) From patterns

to emerging processes in mechanistic urban ecology. TRENDS 21:186–191.

16. Evans KL, Chamberlain DE, Hatchwell BJ, Gregory RD, Gaston KJ (2011)

What makes an urban bird? Glob Change Biol 17: 32–44.

17. Rolando A, Laiolo P, Carisio L (2003) Urbanization and the flexibility of the

foraging ecology of the alpine chough Pyrrhocorax graculus in winter.

Revue d Ecologie 58: 337–352.

18. Harveson PM, Lopez RR, Collier BA, Silvy NJ (2007) Impacts of urbanization

on Florida Key deer behavior and population dynamics. Biol Conserv 134: 321–

331.

19. Grinder MI, Krausman PR (1999) Home range, habitat use, and nocturnal

activity of coyotes in an urban environment. J Wildlife Manage 65: 887–898.

20. Kilpatrick HJ, Spohr SM (2000) Spatial and temporal use of a suburban

landscape by female white-tailed deer. Wildlife Soc B 28: 1023–1029.

21. Rutz C (2006) Home range size, habitat use, activity patterns and hunting

behavior of urban-breeding Northern Goshawks Accipiter gentilis. Ardea 94:

185–202.

22. McCullough DR (1982) Behavior, bears, and humans. Wildlife Soc B 10: 27–33.

23. Gilbert BK (1989) Behavioural plasticity and bear-human conflicts. In: Bromley

M, editor. Bear-people conflicts: proceedings of a symposium on management

strategies. Yellowknife: Northwest Territories Department of Natural Resources.

pp. 1–8.

24. Nelson RA, Folk GE Jr, Pfeiffer EW, Craighead JJ, Jonkel CJ, et al. (1983)

Behavior, biochemistry, and hibernation in black, grizzly, and polar bears.

Int C Bear 5: 284–290.

25. Mattson DJ, Blanchard BM, Knight RR (1992) Yellowstone grizzly bear

mortality, human habituation, and whitebark pine seed crops. J Wildlife Manage

56: 432–442.

26. Hellgren EC, Onorato DP, Skiles JR (2005) Dynamics of a black bear

population within a desert metapopulation. Biol Conserv 122: 131–140.

27. Ryan CW, Pack JC, Igo WK, Billings A (2007) Influence of mast production on

black bear non-hunting mortalities in West Virginia. Ursus 18: 46–53.

28. Beckmann JP, Berger J (2003) Using black bears to test ideal-free distribution

models experimentally. J Mammal 84: 594–606.

29. Lyons AJ (2005) Activity patterns of urban American black bears in the San

Gabriel Mountains of southern California. Ursus 16: 255–262.

30. Hostetler JA, McCown JW, Garrison EP, Neils AM, Barrett MA, et al. (2009)

Demographic consequences of anthropogenic influences: Florida black bears in

north-central Florida. Biol Conserv 142: 2456–2463.

31. Beckmann JP, Lackey CW (2008) Carnivores, urban landscapes, and

longitudinal studies: a case history of black bears. Human-Wildlife Conflicts 2:

1698–174.

32. Hristienko H, McDonald JE Jr (2007) Going into the 21st century: a perspective

on trends and controversies in the management of the American black bear.

Ursus 18: 72–88.

33. Herrero S, Smith T, DeBruyn TD, Gunther K, Matt CA (2005) From the field:

brown bear habituation to people – safety, risks, and benefits. Wildlife Soc B 33:

362–373.

34. Spencer RD, Beausoleil RA, Martorello DA (2007) How agencies respond to

human–bear conflicts: A survey of wildlife species in North America. Ursus 18:

217–229.

35. Manfredo MJ (2008) Who cares about wildlife? Social science concepts for

exploring human-wildlife relationships and conservation issues. New York:

Springer. 228 p.

36. Messmer TA (2009) Human-wildlife conflicts: emerging challenges and

opportunities. Hum-Wildlife Conflicts 3: 10–17.

37. Bierwagen BG, Theobald DM, Pyke CR, Choate A, Groth P, et al. (2010)

National housing and impervious surface scenarios for integrated climate impact

assessment. Proc Natl Acad Sci U S A 107: 20887–20892.

38. Colorado State Demography Office (2011) Population totals for Colorado

municipalities. Division of Local Government, State Demography Office, State

of Colorado. Available: http://www.dola.colorado.gov/dlg/demog/pop_muni_

estimates.html. Accessed 10 August 2011.

39. Marzluff JM, Shulenberger E, Endlicher W, Alberti M, Bradley G, et al. (2008)

Urban ecology: An international perspective on the interaction between humans

and nature. New York: Springer. 834 p.

40. Willey CH (1974) Aging black bears from first premolar tooth sections. J Wildlife

Manage 38: 97–100.

41. D’Eon RG, Delparte D (2005) Effects of radio-collar position and orientation on

GPS radio-collar performance, and the implications of PDOP in data screening.

J Appl Ecol 42: 383–388.

42. Lewis JS, Rachlow JL, Garton EO, Vierling LA (2007) Effects of habitat on GPS

collar performance: using data screening to reduce location error. J Appl Ecol

44: 663–671.

43. Davis H, Wier RD, Hamilton AN, Deal JA (2006) Influence of phenology on site

selection by female American black bears in coastal British Columbia. Ursus 17:

41–51.

44. Munro RHM, Nielsen SE, Price MH, Stenhouse GB, Boyce MS (2006) Seasonal

and diel patterns of grizzly bear diet and activity in west-central Alberta.

J Mammal 87: 1112–1121.

45. Duong T, Hazelton ML (2003) Plug-in bandwidth matrices for bivariate kernel

density estimation. Nonparameteric Statistics 15: 17–30.

46. Gitzen RA, Millspaugh JJ, Kernohan BJ (2006) Bandwidth selection for fixed-

kernel analysis of animal utilization distributions. J Wildlife Manage 70: 1334–

1344.

47. Duong T (2010) ks: kernel smoothing. R package version 1.6.12. Available:

http://CRAN.R-project.org/package = ks.

48. R Development Core Team (2009) R: A Language and Environment for

Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.

ISBN 3-900051-07-0, URL http://www.R-project.org.

49. Nielson RP, Wullstein LH (1980) Catkin freezing and acorn production in

Gambel oak in Utah, 1978. Am J Bot 67: 426–428.

50. Olson AR, Steeves TA (1983) Frost damage in flowers and immature fruits of

Amelanchier alnifolia Nutt. (Maloideae). Can J Plant Sci 63: 461–466.

51. St. Pierre RG (1989) Magnitude, timing, and causes of immature fruit loss in

Amelanchier alnifolia (Rosaceae). Can J Botany 67: 726–731.

52. Carter J, Brennan R, Wisniewski M (2001) Patterns of ice formation and

movement in blackcurrant. Hort Science 36: 1027–1032.

53. Johnson PS, Shifley SR, Rogers R (2002) The ecology and silviculture of oaks.

New York: CABI Publishing. 544 p.

54. Abrahamson WG, Layne JN (2003) Long-term patterns of acorn production for

five oak species in xeric Florida uplands. Ecology 84: 2476–2492.

55. Kozakai C, Yamazaki K, Nemoto Y, Nakajima A, Koike S, et al. (2011) Effect of

mast production on home range use of Japanese black bears. J Wildlife Manage

75: 857–875.

Stochastic Forage Affects Bear Use of Urban Areas

PLOS ONE | www.plosone.org 9 January 2014 | Volume 9 | Issue 1 | e85122



56. Pinheiro J, Bates D, DebRoy S, Sarkar D, the R Development Core Team

(2010) nlme: Linear and Nonlinear Mixed Effects Models. R package version
3.1–97.

57. Burnham KP, Anderson DR (2002) Model selection and multimodel

inference: a practical information-theoretic approach. New York: Springer-
Verlag. 488 p.

58. White GC, Burnham KP (1999) Program MARK: survival estimation from
populations of marked animals. Bird Study Supplement 46: 120–138.

59. Hebblewhite M, Percy M, Serrouya R (2003) Black bear (Ursus americanus)

survival and demography in the Bow Valley of Banff National Park, Alberta.
Biol Conserv 112: 415–425.

60. Lee DJ, Vaughan MR (2005) Yearling and subadult black bear survival in a
hunted Virginia population. J Wildlife Manage 69: 1641–1651.

61. Beckmann JP, Lackey CW (2004) Are desert basins effective barriers to
movements of relocated black bears (Ursus americanus)? West N Am Naturalist

64: 269–272.

62. Beck TDI (1991) Black bears of west-central Colorado. Technical Publication
No. 39. Fort Collins: Colorado Division of Wildlife. 86 p.

63. Waite TA, Chhangani AK, Campbell LG, Rajpurohit LS, Mohnot SM (2007)
Sanctuary in the city: urban monkeys buffered against catastrophic die-off

during ENSO-related drought. EcoHealth 4: 278–286.

64. Jarzek L (2001) Synurbanization of the Magpie in the Palearctic. In: Marzluff
JM, Bowman R, Donnelly R, editors. Avian ecology and conservation in an

urbanizing world. Boston: Kluwer Academic Publishers. pp. 403–426.
65. Schlaepfer MA, Runge MC, Sherman PW (2002) Ecological and evolutionary

traps. TRENDS 17: 474–480.
66. Robertson BA, Rehage JS, Sih A (2013) Ecological novelty and the emergence of

evolutionary traps. TRENDS 28: 552–560.

67. Freedman AH, Portier KM, Sunquist ME (2003) Life history analysis for black
bears (Ursus amreicanus) in a changing demographic landscape. Ecol Model

167: 47–64.
68. Mitchell MS, Pacifici LB, Grand JB, Powell RA (2009) Contribution of vital

rates to growth of a protected population of American black bears. Ursus 20: 77–

84.

69. Kasbohm JW, Vaughan MR, Kraus JG (1996) Effects of gypsy moth infestation

on black bear reproduction and survival. J Wildlife Manage 60: 408–416.

70. Schrage MW, Vaughan MR (1998) Population responses of black bears

following oak mortality induced by gypsy moths. Ursus 10: 49–54.

71. Hellgren EC, Onorato DP, Skiles JR (2005) Dynamics of a black bear

population within a desert metapopulation. Biol Conserv 122: 131–140.

72. Baldwin RA, Bender LC (2009) Survival and productivity of a low-density black

bear population in Rocky Mountain National Park, Colorado. Hum-Wildlife

Conflicts 3: 271–281.

73. Oka T, Miura S, Masaki T, Suzuki W, Osumi K, Saitoh S (2004) Relationship

between changes in beechnut production and Asiatic black bears in northern

Japan. J Wildlife Manage 68: 979–986.

74. Smith MD (2011) An ecological perspective on extreme climatic events: a

synthetic definition and framework to guide future research. J Ecol 99: 656–663.

75. Walter J, Jentsch A, Beierkuhnlein C, Kreyling J (2013) Ecological stress

memory and cross stress tolerance in plants in face of climate extremes. Environ

Exp Bot 94: 3–8.

76. St. Pierre RG, Steeves TA (1990) Observations on shoot morphology, anthesis,

flower number, and seed production in Saskatoon, Amelanchier alnifolia

(Rosaceae). Can Field Nat 104: 379–386.

77. Sork VL, Bramble J, Sexton O (1993) Ecology of mast-fruiting in three species of

North American deciduous oaks. Ecology 74: 528–541.

78. Fall MW, Jackson WB (2002) The tools and techniques of wildlife damage

management – changing needs: an introduction. International Biodeterioration

and Biodegradation 49: 87–91.

79. Baruch-Mordo S, Breck SW, Wilson KR, Broderick J (2011) The carrot or the

stick? evaluation of education and enforcement as management tools for human-

wildlife conflicts. PLoS ONE 6: e15681.

80. Baruch-Mordo S, Webb CT, Breck SW, Wilson KR (2013) Use of patch

selection models as a decision support tool to evaluate mitigation strategies of

human–wildlife conflict. Biol Conserv 160: 263–271.

Stochastic Forage Affects Bear Use of Urban Areas

PLOS ONE | www.plosone.org 10 January 2014 | Volume 9 | Issue 1 | e85122


